Introduction
The results available in the literature, originating from both controlled animal studies 1, 2 and clinical case reports, 3, 4 leave no doubt that revascularization procedures are an important and feasible option in the treatment of immature teeth with necrotic pulps and periapical lesions. Revascularization allows for continued root development, in both length and thickness, reinforcing the radicular structure, and has the potential to decrease the risks of fracture, 3, 4, 5 treatment duration, and cost. 6 Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
The success of revascularization procedures depends primarily on adequate infection control in the canal: an effective antimicrobial protocol should be adopted. 7 The intracanal medication mostly used for root canal disinfection is the triple antibiotic paste, 8 composed of ciprofloxacin, metronidazole, and minocycline. Even though this combination of drugs has shown to be effective against bacteria commonly found in root canals, both in vitro 8, 9 and in vivo, 2, 10 some shortcomings have been described, e.g., tooth discoloration, 2,11,12,13 bacterial resistance, 14, 15 and allergic reactions. 16, 17 More recently, demineralization of radicular dentin 18 and a toxic effect on cells from the dental pulp and apical papilla 19 have also been reported. Finally, minocycline has been associated with angiogenesis inhibition.
20
Propolis has been widely investigated in dentistry for its potential use as an intracanal medication, especially because of its antibacterial, antifungal, antiviral, anti-inflammatory, and antioxidant properties. 21, 22, 23 The antibacterial activity of propolis has been primarily associated with the presence of flavonoids. 24, 25 Another important characteristic of propolis is its biocompatibility, or the ability to maintain cell viability, as evidenced previously. 26, 27 Taking into consideration the disadvantages associated with the triple antibiotic paste and the emergence of propolis as an intracanal medication, the objective of this study was to assess tissue repair in immature dog teeth with necrotic pulps and apical periodontitis subjected to revascularization treatment, comparing these two pastes used for root canal disinfection.
Methodology
This study conforms with the ARRIVE Guidelines and was approved by the Research Ethics and Animal Welfare Committee of Universidade Federal de Santa Catarina -UFSC, Florianópolis, southern Brazil. The second, third, and fourth mandibular premolars and the second and third maxillary premolars of four Beagle dogs aged 5 to 6 months were used (total of 40 teeth, 80 roots).
Animals received pre-anesthesia with 0.5 mg/kg of acepromazine hydrochloride (Ouro Fino, Cravinhos, Brazil) and 4 mg/kg of pethidine (Cristália, São Paulo, Brazil) via intramuscular injection. After 10 minutes, the animals were cannulated using a 22G catheter and administered 0.9% saline solution as maintenance fluid at 10 mL/kg/h. Subsequently, anesthesia was induced using intravenous propofol (Cristália) at 5 mg/kg. Animals were intubated using an endotracheal tube with cuff and maintained under anesthesia with isoflurane (Cristália).
Preoperative radiographs were obtained to confirm the presence of open apices. Following endodontic access of 30 teeth and working length determination (tooth length minus 1mm), pulp tissues were removed using #60 K-files (Dentsply Maillefer, Ballaigues, Switzerland). Files were advanced to the apical limit, rotated to move the pulp, and then removed. Subsequently, #60 Hedströen files (Dentsply Maillefer) calibrated at the same length were used to remove residual pulp tissues. Canals were irrigated with 2.5 mL of distilled water. Once hemostasis was established, a cotton pellet was placed at the canal entrance. Teeth were left open (no coronal sealing) for 3 weeks to allow root canal contamination.
At the end of 3 weeks, the animals were anesthetized once again and the canals re-entered under aseptic conditions. Teeth were irrigated with 10 mL of 2.5% sodium hypochlorite (Farmácia de Manipulação Nova Derme, Santa Maria, Brazil) to remove debris accumulated inside the root canals. After irrigation, canals were dried using sterile paper points and divided into three experimental groups, as follows: canals (10 teeth, 20 roots) filled with triple antibiotic paste (Farmácia de Manipulação Nova Derme) composed of ciprofloxacin, metronidazole, and minocycline (20 mg of each antibiotic per mL with sterile saline solution); canals (10 teeth, 20 roots) filled with 1% propolis paste in a glycerin vehicle (Farmácia de Manipulação Nova Derme); no intracanal medication (10 teeth, 20 roots). The 10 teeth (20 roots) included in the negative control group were not subjected to any intervention, to allow the physiological development of the root. Figure 1 shows the experimental design and study procedures.
In the triple antibiotic and propolis groups, pastes were applied to the cementoenamel junction using a 27 G needle calibrated to 2 mm short of the working length. A sterile cotton pellet was placed on top of the pastes, and teeth were temporarily sealed with intermediate restorative material (IRM) (Dentsply Maillefer). After 2 weeks, following the same anesthesia and asepsis protocols, temporary restorations were removed and the teeth irrigated with 10 mL of 2.5% sodium hypochlorite and 10 mL of saline solution. Subsequently, canals were irrigated with 17% EDTA for 3 min and then dried with sterile absorbent paper points. A #30 K-file (Dentsply Maillefer) was advanced into the root canal to 2 mm beyond the root length to stimulate bleeding in the periapical tissue and allow the formation of a blood clot inside the canal. With the aid of a sterile cotton pellet soaked in saline solution, the clot was gently pressed 1 to 2 mm apical to the cementoenamel junction for approximately 15 minutes.
In the 10 teeth (20 roots) of the no medication group, in the same session in which disinfection was carried out with 2.5% sodium hypochlorite, root canals were immediately irrigated with EDTA; after drying, blood clot formation was induced as described above.
In all three experimental groups, a 1 to 2 mm thick plug of white fast-setting MTA was placed on top of the blood clot (Angelus Indústria de Produtos Odontológicos Ltda., Londrina, Brazil). Then, definitive amalgam restorations were performed (DFL Alloy Indústria e Comércio S.A., Rio de Janeiro, Brazil).
The animals received medication after all surgical procedures and were constantly monitored by the team of veterinarians of the laboratory animal house.
After 7 months, animals were euthanized by perfusion. Their jaws were removed, dissected, a nd fixed i n 10% formaldehyde. Followi ng decalcification in 50% formic acid and 5N sodium citrate, specimens were reduced, embedded in paraffin, and longitudinally sectioned along the tooth's long axis until reaching the apical foramen. Then, approximately 6-µm thick semiserial sections were obtained and stained with hematoxylin and eosin (HE). Histological sections were analyzed under light microscopy (Olympus BX41, Olympus, Tokyo, Japan) by two examiners previously trained to assess the following parameters: 
Statistical analysis
Categorical data were expressed as percentages. The significance of findings was determined using Fisher's exact test. Post-hoc comparisons were adjusted using Finner's method. Significance was set at α = 0.05. Data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 21.0 and WinPEPI version 10.5.
Results
Intra-and inter-examiner agreement yielded Kappa = 1 for all parameters, except inflammatory reaction, where scores were 0.86 and 0.82, respectively.
Three teeth (six roots) were lost in the triple antibiotic paste group: one due to periodontal disease, one during histological processing, and one because the MTA plug moved apically, preventing assessment of the parameters under investigation. In the propolis paste group, two teeth (four roots) were lost during histological processing. In the no medication group, two teeth (four roots) were lost during histological processing and one tooth (two roots) due to periodontal disease. The results obtained for the different parameters assessed are shown in Table. All roots in the negative control group (no intervention) showed physiological root development.
Histological analysis
New mineralized tissue formation on dentinal walls and in root canal space All experimental groups showed two types of newly formed MT, one adhered to the dentinal walls and another in the root canal space (Figures 2 and 3) .
The tissue formed on the dentinal walls showed histological characteristics similar to radicular cementum (cementum-like MT): avascular tissue, with cells embedded in the matrix (cementocyte-like cells) and surface (cementoblast-like cells). In most specimens, this tissue was a continuity of the cementum of the external radicular surface and was responsible for the increased thickness and apical extension of the root (Figure 4) .
The tissue formed in the canal space showed histological characteristics similar to bone tissue (bone-like MT): vascularized, matrix with embedded cells (osteocyte-like), osteoblast-like cells on the tissue surface, and medullary spaces (Figure 3 ).
Bone-like MT formation was variable, and in some specimens was a continuity of the periapical bone tissue and of the tissue formed onto dentin (cementum-like MT).
Despite the absence of statistical differences between the three experimental groups, specimens in the propolis paste group showed a greater and more uniform deposition of cementum-like MT onto dentinal walls. Moreover, in many specimens from the no medication group, cementum-like MT deposition nearly obstructed the root canal lumen, whereas in other specimens from the same group deposition was less evident.
Presence of vital tissue in root canal space
All experimental groups showed vital tissue in the root canal space, with histological characteristics similar to periodontal ligament. In some specimens, there was ingrowth of the periodontal ligament into the root canal space; in some histological sections, collagen fibers resembling Sharpey fibers were observed anchored in cementum-like tissue. Pulp tissue inside the canal was not observed in any specimen from any experimental group. 
Apical extension of root
Even though inter-group differences were not significant, the propolis paste group showed a higher number of roots with apical extension. In all experimental groups, there were some roots in which MT formation closed the root apex, and others in which the apex remained open.
Inflammatory reaction
Another finding common to all experimental groups was the presence of inflammatory processes of different levels of severity in the new vital tissue formed in the root canal space. Inflammatory cells were present especially in the cervical third of the root canal, adjacent to the MTA plug.
Discussion
Triple antibiotic paste is a well-established medication for root canal disinfection in revascularization procedures. Despite its effectiveness promoting disinfection and creating the necessary conditions for repair, several studies have described undesirable outcomes associated with its use, including discoloration of the tooth structure caused by minocycline, 11 demineralization of the radicular dentin, increasing the risk of fracture, 18 and toxic effects on pulp and apical papilla cells observed in culture. 11, 19, 28 Taking into consideration these disadvantages, the present study assessed tissue repair in immature dog teeth with necrotic pulps and apical periodontitis while using both triple antibiotic paste and propolis paste for root canal disinfection.
Propolis is a resinous substance that honey bees collect from several plants and use to cover and seal unwanted open spaces in the hive, so as to keep a low concentration of bacteria and fungi. The main chemical components of propolis are flavonoids, phenolics, and aromatic compounds. 29 The use of propolis as an alternative intracanal medication has been suggested by several authors 21, 22, 30 due to its antimicrobial properties and biocompatibility 26, 27 -features that have probably contributed to the findings obtained in our study. The goal of the present study was to contribute to the development of a new, more biological treatment protocol, with stronger antimicrobial effects and lower toxic effects.
None of the specimens in the sample showed pulp-or dentin-like tissue formation. Similar results have been reported previously. 1, 19, 31 According to those previous studies, undifferentiated cells from the apical papilla may necrose as a result of the severe infection induced and/or of the cytotoxic effect of the triple antibiotic paste used for root canal disinfection. In addition, in line with previous studies, 1,32 the specimens showed the formation of two types of MT inside the canal: one deposited onto dentinal walls, similar to radicular cementum (cementum-like MT), and another in the root canal space, similar to bone (bone-like MT). Yamauchi et al. 33 characterized the two tissues found in their sample using histochemical and immunohistochemical analysis and also showed that the tissue lining the dentin was different from dentin and bone, but similar to cementum. They also reported that the islands of MT formed in the root canal space resembled bone matrix. It is likely that the cells responsible for the formation of these new tissues originate from bone marrow mesenchymal stem cells and periodontal ligament stem cells. According to Lovelace et al., 34 these cells are delivered into the root canal when bleeding is induced by overinstrumentation.
In one specimen from the propolis paste group, bone-like MT was a continuity of cementum-like MT. This finding was probably a result of the longer follow-up time in our study (7 months) when compared with previous ones with similar methodologies (usually the study period is of approximately 3 months). 1, 10, 33, 35 According to Yamauchi et al., 32 in many cases, cementum-like MT formed on the dentin surface is thicker than the natural layer of radicular cementum; it remains to be known whether deposition of this type of tissue would continue until obstructing the canal lumen with a longer follow-up time. Possibly, in the long term, the direct contact between the two types of MT could cause replacement resorption inside the canal, in which cementum-like MT would be resorbed and replaced with bone-like MT as part of a bone remodeling process, similar to the replacement resorption process observed after traumatic injuries ( Figure 5 ).
Despite the absence of significant differences between the experimental groups regarding new MT deposition, the histological findings observed indicated that the use of propolis paste increased tissue deposition on dentinal walls, in some cases almost obstructing the root canal space. This finding is probably explained by the minimum toxicity of propolis and the consequent stimulation of cell proliferation, a property previously demonstrated by several authors. 26, 27 An interesting histological finding was the lower deposition of new MT in the triple antibiotic paste group when compared with the no medication group. This could probably be explained by the toxic effect of the triple paste on cells involved in the repair process. 18, 19, 28 Phumpatrakom and Srisuwan 36 have shown that, even at low concentrations, the triple paste affects cell proliferation in the pulp and apical papilla and the formation of mineralized matrices. Also, as suggested by Silva et al., 35 intracanal use of antibiotic medications is apparently not essential to MT formation. According to those authors, the use of triple antibiotic paste was associated with poorer results in terms of MT formation, apical development, and repair of periapical tissues when compared with a group not using the paste.
With regard to apical extension of the root, characterized by deposition of cementum-like tissue, the present results did not show significant differences between the experimental groups. In fact, the results obtained in the propolis paste group were similar to those of the no intervention group. Regardless of According to the present findings, the presence of vital tissue inside the root canals was significantly higher in the propolis paste than in triple antibiotic paste group. Again, this finding is most likely due to the fact that propolis paste has minimum toxicity and therefore induces cell proliferation, 26, 27 as also reported by other authors. 19, 28 Still with regard to this parameter, no significant differences were found between the propolis paste and the no medication groups. This finding may be due to the disinfection promoted by the use of sodium hypochlorite and the delivery of undifferentiated mesenchymal cells with the blood clot.
Severity of the inflammatory process present in the canal space showed significant differences between the triple antibiotic paste and the no medication groups. Whereas in the triple antibiotic paste group 50% of the samples showed severe inflammatory reactions, in the no medication group most specimens (54.5%) did not show signs of inflammation -when present, inflammation in was classified as mild (27.3%) or moderate (18.2%). It is likely that the more severe inflammatory process observed in the triple antibiotic paste group is due to the irritation caused by the antibiotic agents present in the triple paste. Similar results were reported by Silva et al. 35 and Pereira et al. 37 The latter authors, 37 characterizing rat subcutaneous tissue response after the use of triple antibiotic paste, observed a severe, persistent inflammatory process and no repair, confirming the paste's cytotoxicity. Also, it is possible that the paste concentration used in this study (20 mg/mL) has caused the less favorable results obtained in the triple antibiotic group with regard to severity of the inflammatory process and vital tissue formation in the root canal space. The assessment of tooth discoloration was beyond the scope of the present study. Notwithstanding, the discoloration/darkening observed in all specimens of the triple antibiotic paste group deserves mention. Similar results have been reported by Lenherr et al. 38 while investigating the potential of endodontic materials to induce changes in tooth color. In those authors' study, the most severe change in color occurred after the use of triple antibiotic paste. Changes in color are caused by the presence of minocycline in the paste, a semisynthetic tetracycline derivative.
We also observed coronal discoloration close to the gingival margin in the groups not using triple antibiotic paste as intracanal medication. This change in color is related to the MTA plug placed on top of the blood clot. According to the literature, this discoloration is caused by the interaction between the bismuth oxide present in MTA and the collagen present in dental tissues. 39, 40 The discoloration provoked by the paste, especially in anterior teeth, is a major disadvantage of this medication: by compromising esthetics, such change in tooth color may cause important psychological and social effects and have a negative impact on the quality of life of young patients.
Conclusion
The results of this study suggest that propolis paste may be a feasible substitute for triple antibiotic paste in the disinfection of roots canals of immature teeth with necrotic pulps, with the advantage of not causing changes in tooth color. The new tissues formed inside the root canal showed characteristics similar to cementum, bone, and periodontal ligament.
